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THE  FLOW  LOSSES  AT  90°  TURNS  IN  PNEUMATIC  DUST  TRANSPORT 


R.  Jung,  Dr.  of  Engineering,  Associa¬ 
tion  of  German  Engineers  ([VDI]  Ver- 
ein  Deutscher  Ingenieure) ,  Head  of 
the  Research  Institute  for  Flow  and 
Process  Technology  at  L  &  C  Stein- 
mueller  Company  (Stroemungs-  und  Ver-- 
fahrenstechnische  Versuchsanstalt  der 
L  &  C  Steinmueller  GmbH),  Gummersbach. 

UDC:  621.867.82-492:533.6.011:532.552 

\ 

Measurements  of  the  pressure  course  in  dust-laden  air  flows  prior  to 
and  following  curves  of  various  configurations  indicate  the  pressure  drop 
caused  in  a  permanent  manner  by  the  curve.  This  pressure  drop  is  caused  by 
the  energy  consumption  during  the  reacceleration  that  follows  the  turn  and 
is  required  to  compensate  for  the  friction  that  develops.  The  measured  va¬ 
lues  characterize  the  transition  between  the  ultimately  developed  states  of 
the  transport  process  before  the  turn  and  upstream,  f 

\ 

Definition  of  the  problem 

A  significant  portion  of  the  total  pressure  drop  in  the  pneumatic 
transport  of  powdery  substances  is  attributable  to  turns  in  the  conveying 
flow, In  the  application  cases  to  be  discussed  first,  we  snail  mainly  deal 
with  continuously  curved  tube  arcs  and  —  in  the  case  of  larger  diameters  -- 
with  segmental  curves  or  tube  el  bows  with  vanes  that  are  easy  to  manufacture. 
The  conveyor  conduits  investigated  have  nominal  diameters  of  less  than  app¬ 
roximately  300  mm.  No  results  of  systematic  studies  of  turn  losses  caused 
by  the  conveyed  substance  have  been  published  so  far. 


Brennstoff  -  Waerme  -  Kraft  ( Fuel , 
Heat,  Power),  Vol  19,  No  9,  1967, 
pp  430-435. 
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G.  Weidner  [1]  calculated  the  velocity  loss  of  a  grainy  substance  in 
a  tube  arc  assuming  that  the  entire  substance  flew  glides  along  the  back  of 
the  curve,  subject  to  a  friction  loss  caused  by  a  composite  effect  of  cent¬ 
rifugal  force  and  the  normal  component  of  the  weight  of  the  substance,  but 
not  to  propel  lance  by  the  air  flow.  The  corresponding  flow  loss  is  the  same 
as  the  pressure  drop  that  is  consumed  by  the  acceleration  of  the  substance 
in  the  subsequent  straight  tube  to  the  initial  velocity  as  it  enters  the  cur¬ 
vature.  The  results  of  this  theory  arc  —  within  a  relatively  large  scatte¬ 
ring  of  the  results  --  about  the  same  as  the  turn  losses  observed  iri  the  pne¬ 
umatic  conveyance  of  seedy  fruits. 

The  author  [2]  established  in  an  earlier  report  these  losses  in  a  90° 
tube  arc  with  various  degrees  of  curvature  for  spherical  cast-iron  granules 
as  the  conveyed  substance.  The  results  of  the  measurements  agreed  roughly 
wi !  the  estimated  values  that  correspond  to  a  substance  flow  braked  to  zero 
velocity  at  the  exit  from  the  curve. 

The  main  purpose  of  the  tests  described  below  is  to  elucidate  some 
problems  that  pertain  to  the  design  of  conveyance  paths  with  relatively  large 
diameter,  such  as  coal  dust  pneumatic  lines  in  large-scale  firing  installa¬ 
tions.  Accordingly,  the  investigation  was  restricted  to  low  substance  loa¬ 
dings.  In  the  above-25  m/sec  air  velocity  range  selected  for  study,  the  gra¬ 
vitational  force  had  a  relatively  insignificant  effect  on  the  conveyance  pro¬ 
cess  compared  to  the  inertia  resistance  of  the  particles  and  to  the  conveying 
power  of  the  air  flow. 

Experimental  setup  and  method 

The  expei  imerifcil  setup  is  illustrated  in  Pig,  1.  The  conveying  air 
laden  with  dust  flows  from  the  outside  through  the  rounded  entry  £  into  the 
conveying  system:  the  dust  is  added  in  a  uniform  manner  at  It  flows 
through  the  measuring  sites  c_  and  d_,  the  precipitation  cyclone  e_  and  efflu¬ 
ent  air  exit  f  to  the  exhaust  connection.  The  conveyed  substance  precipitated 
in  £  flows  by  itself  from  collecting  vessel  £  into  a  closed  flow  through 
tube  conduit  h  and  thence  into  the  open  funnel  i_  of  a  rotating  tube  dispenser 
k_  that  may  be  adjusted  for  r.p.m.  in  a  continuous  manner  and  that  effects  the 
dosage  of  the  substance  admixed  once  again  to  the  air  flow.  The  substance 
column  in  tube  h  at  the  bottom  open  end  of  which  the  substance  flows  out 
freely  into  funr  el  £  serves  as  a  seal  from  the  larger  external  pressure.  The 
creeping  flow  teat  enters  the  system  through  this  porous  column  Is  insigni¬ 
ficantly  low  compared  to  the  flow  of  the  conveying  air.  The  exhaust  air  flow 
is  righted  in  tube '£  and  is  then  measured  further  downstream  with  a  standard 
diaphragm. 
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The  turn  loss  in  the  90°  curvature  1  is  obtained  from  the  course  of 
the  static  pressure  in  the  straight  measuring  sections  c  and  d.,  taken  over 
a  total  of  45  small  measuring  tubes  in  the  tube  wall  and  indicated  by  a  se¬ 
ries  manometer. 

The  turn  losses  established  In  preliminary  tests  on  simple  tube  cur¬ 
ves  at  air  flow  rates  of  somewhat  more  than  25  m/sec  turned  out  to  be  inde¬ 
pendent  of  the  fact  whether  the  conveying  flow  turned  in  the  horizontal  plane, 
in  the  vertical  plane  or  from  one  plane  into  the  other.  It  was  therefore  pos¬ 
sible  to  restrict  all  subsequent  determinations  to  one  given  spatial  configu¬ 
ration  of  curves,  specifically,  to  vertical  upflow  turned  into  horizontal. 

Fig.  2  illustrates  the  detail*  of  the  test  section,  showing  inlet 
tube  a_,  exhaust  tube  fcu  and  test  curve  £  between  these  two  tubes.  The  con¬ 
veying  tube  has  a  diameter  of  0  =  150  mmi.d.in  the  vortical  section,  con¬ 
verging  to  a  lower  diameter  of  125  mm  along  a  distance  of  I  meter.  In  this 
manner  it  became  possible  to  shorten  considerably  the  length  of  the  straight 
section  required  to  perform  the  conveying  function.  The  length  of  the  hori¬ 
zontal  runout  section  after  the  curve  is  about  7,5  m  or  50  D.  From  among  the 
pressure-measuring  sites  d,  the  first  (A)  is  at  the  beginning  of  the  test 
section  and  the  second  (B)  at  its  end:  these  assume  particular  significance 
with  respect  to  the  pressure  course,  as  shall  be  shown  later. 

Quartz  and  coal  dust,  pneumatically  separated  into  a  fraction  with 
srnail  particle  size  between  approximately  0.05  and  0.3  mm,  served  as  the 
test  dust  conveyed.  Within  these  limits,  the  measured  turn  losses  were  found 
to  be  independent  of  particle  type  for  all  practical  purposes.  The  particle- 
size  analysis  for  the  quartz  dust  --  that  was  used  solely  after  the  prelimi¬ 
nary  testsand  exhibited  very  little  internal  friction  --  indicated 

a  residue  of  1.4  76  86  902  at  a 

mesh  width  of  0.16  0.1  0.063  0.04  mm. 

The  particles  had  a  near  spherical  shape  end  smoothened  the  tube  wall 
to  such  an  extent  after  a  short  test  period  that  the  friction  coefficients 
measured  with  unladen  air  conot'ormed  to  the  laws  governing  hydraulically 
smooth  tubes. 

Characterization  of  the  turn  loss 

Course  of  pressure  in  the  tube. 

Fig.  3  illustrates  the  pressure  course  in  an  example  along  a  conveying 
path  with  (p/\  -  p)  as  the  difference  between  pressure  p^  at  the  beginning  of 


the  vertical  measuring  distance  (A  in  Tig.  2)  and  pressure  p  at  the  distance 
of  x_  from  the  intersection  point  ol  the  tube  axes  at  the  curve.  The  two  cur¬ 
ves  apply  for  equal  air  flowthrough. 


In  the  entering  flow  before  the  curve  and  relatively  distant  down¬ 
stream  from  the  turn  there  develops  a  linear  pressure  drop  with  a  constant 
decrease  Ap/  Ax. The  extensions  of  the  lines  through  the  measuring  points  in 
these  regions  of  developed  flow  determine,  in  their  intersection  points  with 
ordinate  ,x  =  0,  the  pressure  loss  caused  by  the  turn,  Apu(o  or  Apy.  These 
pressure  jumps  effectuate  the  transition  from  the  developed  flow  state  before 
and  after  the  turn.  In  this  expression,  the  pressure  differences  Ap-jy  and 
ApQ2  corresponding,  for  example,  to  the  mixed  flow  in  the  1  inear  pressure 
course,  representing  the  distances  x-jq  and  Xyo,  respectively  (as  shown  below 
i  a  the  figure*),  are  inww^aoiiCA,.  vi  >  ne  turn  cunt  i^u>  u,iuii,  wO  Ltiuc  die  pres¬ 
sure  jump  Apy  essentially  characterizes  the  direction  change  of  the  flow. 

On  the  basis  of  these  considerations  it  is  also  possible  to  directly 
compare  turn  losses  sustained  in  turns  of  various  arc  lengths,  whereby  the 
same  pressure  drop  between  identically  located  points  (for  example,  1  and  2 
in  Fig.  3)  encompass  the  same  turn  loss  Apy.  In  the  other  usually  employed 
definitions  of  this  loss  [3,  especially,  p  788]  in  terms  of  the  difference 
between  the  pressure  drops  between  points  1  and  2,  as  well  as  the  pressure 
drop  in  a  straight  tub  of  the  same  length,  encompassing  also  the  section 
along  the  center  line  f  the  tube  arc  as  a  partial  distance,  this  assumption 
--  which  is  of  importance  in  the  present  case  --  does  not  apply. 


The  example  discussed  applies  to  a  tube  arc  where  the  dust  flows  to¬ 
gether  into  hard-to-separate  strands  as  a  consequence  of  the  conduction  at 


ftpon  k'rl  i  nnl  w 
nvvvi  vi  H  i  • ./  1 


the  constant  prcSSii)  c  uiOjj  C5  Uiu  I  I  Sne> 


self  only  after  a  relatively  long  distance  downstream  from  the  turn. 


In  the  case  of  a  somewhat  shorter  distance,  the  conveyed  goods,  bra¬ 
ked  in  the  turn,  undergo  acceleration  once  more  after  an  elbow  in  the  chan¬ 
nel,  as  shown  in  Fig.  4.  The  dust  channeled  layerwise  by  the  vanes  offers  a 
greater  surface  of  attack  to  the  air  flow  than  do  the  individual  strands  be¬ 
hind  the  tube  arc.  As  a  consequence,  a  steeper  pressure  drop  and  --  further 
downstream  —  a  shorter  transition  ir.  the  linear  range  of  pressure  distri¬ 
bution  will  establish  itself  under  the  same  conditions  that  are  illustrated 
in  Fig.  3  after  the  turn. 

The  tube  friction  coefficient  in  the  literature 

The  constant  pressure  drop  Ap/  Ax  in  the  developed  mixed  flow  by  a 
straight  tube  at  an  angle  of  a  to  the  vertical  is  expressed  in  the  literature 


in  the  following  form  [4;  5]: 

Ap/  Ax  =  q  k*/D  (1 ) 

In  this  expression,  n_  denotes  Uiu  comnression  pressure  of  the  air  flow  and 
k*  denotes  a  . oefficiont  that,  is  analogous  to  the  tube  friction  coefficient 
that  encompasses,  according  to  the  expression 

-  k\  *  n(  kStU  *  sin  or).  (2) 

the  tube1  friction  effect  of  the  air  (  \[_)  and  of  the  dust  (  q  sin  <y). 

The  tube  friction  coefficient  X|_  was  obtained  in  the  tests  without 
dust  (  u  =  0)  from  the  pressure  drop 

(  Ap/  Ax)  Q  --  q  XL/D, 

corresponding  to  the  inclination  of  the  extrapolation  lines  with  respect  to 
the  upper  curve  in  Figs.  3  and  4.  The  XL  values  obtained  are  plotted  vs  the 
Reynolds  number 


Re  *  w  D/  v  *  (3) 

of  the  air  flow  in  Fig.  5,  and  compared  with  the  Rrandtl  law 

1//1~  =  2  log10  (Re  /TL)  -  0.8.  (4) 

The  mean  deviation  of  the  measurement  results  from  this  law  is  within  the 
limits  that  correspond  to  a  measuring  uncertainty  of  approximately  +_1.5%. 

The  friction  coefficient  A.$  p  of  the  dust  in  the  case  of  pneumatic 
fly  conveyance  is  a  function  of  the  two  Froude  numbers 


Fr  =  w//  gD  and  Fr*  =  wp//  gD  (5) 

where  w  denotes  the  air  velocity  and  wr  denotes  the  equilibrium  falling  ve¬ 
locity  of  a  representative  dust  particle  [4;  5;  6],  As  the  value  of  the  pa¬ 
rameter  Fr  increases,  the  effect  of  the  gravitational  acceleration  £  beco¬ 
mes  less  of  an  influence  on  the  movement  of  the  substance  in  the  tube.  Thus, 
the  friction  coefficient  Xg  ^  will  assume  a  constant  value  above  a  boundary 
value  of  Fr  that  decreases  with  decreasing  values  of  Fr*. 
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Comp.) ri son  with  th o  tes t  results 

in  the  test1;,  Fr  was  >  20,  Fr*  was  <  0.5,  and  the  related  dust  con¬ 
tent  was  |i  <  1.5.  Under  these  conditions,  the  pressure  drop  measurements 
(  Ap/  Ax)  in  the  flow  that  developed  in  the  horizontal  tube  (  a  =  0)  behind 
the  channel  elbow  (Fig.  4)  had  the  average  value  of 

*S,R  -  0.002  (6) 

which  rcugly  was  comparable  to  the  values  reported  in  the  literature  [4;  6]. 

The  largest  deviations  from  this  value,  representing  but  a  correction 
in  this  case  for  the  determination  of  the  turn  loss  in  comparison  to  the 
friction  coefficient  A.|_>  were  in  the  amount  of  +  0.001  at  the  boundary  of 
measuring  uncertainty  for  the  pressure  drop  Ap  in  the  developed  flow.  For 
a  •:atirfa;+'^'’iiy  accurate  measurement  of  the  pressure  drop 

(  Ap/  ax)2  =  (P2  -  Pe)/(xe  -  x02), 

the  amount  of  remaining  tube  section  downstream  —  the  length  xE  -  x[)2  of 
which  decreased  with  increasing  dust  content  p  --  was  too  short  in  most  ol 
the  curvatures  investigated. For  this  reason,  the  inclination  cf  the  extra¬ 
polation  lines  E  -  2'  (Fig.  4)  was  calculated  with  from  fig.  5  by  using 
the  expression 


(  AP/  Ax)2  =  [q(  XL  +  0.002  p)]/n.  (7) 

From  this  and  of  the  value  of  pressure  pE  at  the  last  measuring  site  (x  =  xE) 
the  extrapolated  pressure  at  the  ordinate  x  =  0  was 

p2'  =  pE  +  (  Ap/  Ax)2  xe.  (8) 

In  the  vertical  upflow  before  the  curve,  the  pressure  drop 

(  Ap/  Ax) i  =  (q[  +  p  +  xS,G^)/d  (9) 

establishes  itself  according  to  Equations  (1)  and  (2)  with  or  =  00°.  Under 
the  assumption  valid  in  approximation  --  that  the  velocity  of  the  dust 
and  of  the  air  are  the  same  in  the  developed  flow,  the  followiny  expression 
applies  for  the  coefficient  q  (chat  considers  the  weight  of  the  dust)  ac¬ 
cording  to  [6;  7]: 

XS,G ■“  2/(Fr)2,  (10) 

where  Fr  denotes  the  Fronde  number  according  to  Equation  (5).  If  Fr  >  20, 
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which  was  the  case  in  all  tests,  the  effect,  of  weiqht  disappears  insofar  as 
it  affects  wall  friction.  As  a  resi.il  t ,  the  friction  coefficient.  \g  hecoii.'s 
independent.  .A  inclination  angle  w,  and  t.tie  numeric..  I  value  established  in 
the  hori  rental  tube  rema ins  valid,  accordinq  to  Lqu.it  inn  (n),  for  the  vorti¬ 
cal  tube  also.  The  friction  coefficient  Xs  ^  quoted  by  the  author  in  an  ear¬ 
lier  report  [7]  raid  which  corresponded  wi  ill  the  values  reported  in  Is],  arc 
obviously  coo  hiq.h  aLX^ji  •  (1,005.  It  is  likely  that  the  flow  was  then  nor 
fullv  developed  in  the  vertical  measuring  section. 

The  pressure  drops  (  Ap/  Ax)]  obtained  from  l.quation  (9)  with  X| 
from  Fig.  5,  -  0.002,  and  X$  g  us  in  equation  (10)  agreed  satisfactori  ly 

with  the  values  measured  in  the  vertical  tube.  Otherwise,  the  extrapolated 
pressure  p-|  1  could  he  determined  precisely  in  a  direct,  manner  from  the  linear 
pressure  distribution  measured  un  to  the  entry  into  the  turn  (Figs.  3  anc  4). 


Fxnlnnntir"  of  tho  * 

- *  —  -  ..  ,  _  - ~W_ - _ — . 


D  tube  diameter 

R  Mean  half  diameter  of  tine  circular  arc  turn 

rfi|_  mass  flow  of  the  conveying  air 

m5  mass  flow  of  the  conveyed  substance 

p  static  pressure 

q  =(p/2)w2  compression  pressure  of  the  conveying  air  flow 

w  =  iTi(_/ (p  tt  D‘74)  mean  air  velocity 

x  length  coordinate  of  the  measuring  section 

Apy  pressure  drop  caused  by  the  turn 

cy  -  Apy/q  related  turn  loss 

rn.  ci  related  turn  loss  for  p  ~  0  and  p  =  1  ,  respectively 

C 5  =  ;i  -  to  contribution  of  the  dust  to  the  turn  loss 

X  tube  friction  coefficient 

p  =  liiq/i'iL  related  dust  content  (loading) 

v ,p-  ’  mean  values  of  kinetic  viscosity  and  density  of  the  con¬ 

veying  air  in  the  measuring  section. 


The  pressure  drop  Apg  =  P] 1  -  P2 *  was  determined  according  to  this 
method  in  a  total  of  24  model  turns  at  air  velocities  between  25  m/sec  and 
45  m/sec  and  loadings  between  p  =  0  and  approximately  1.4.  The  related  turn 
losses 


tg  =  Apy/q 


OD 


turned  out  to  be  independent,  of  the  air  velocity  w  and  thus  --  within  the 
above-mentioned  ranges  corresponding  to  w  within  the  above  boundary  values  -- 
also  of  the  Froude  and  Reynolds  numbers  that  occurred  in  a  relatively  narrow 
scattering  range  of  the  test  results.  Accordingly,  the  only  factor  that 
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nullin',  in  he  con:,  i  dered  w  i  lit  i  n  this  rcpnisuiLuliun  ior  Liu:  nil  1  loss  cool  fi- 
nent  i;,,  is  the  relation  h<-1  ween  the  related  dust  content  p.  am  the  turn  loss. 

!’i:l a i. ion:.  Is- i.ween  on-. -.lire  drop  .md  dust  content. 

Hi!-  loss  coefficients  r.y  dotermi ned  at  the  above-mentioned  two  turns 
(Fins,  3  and  4)  are  [Potted  vr.  p  in  Fin.  C>.  The  results  may  I  -  duractorl  Zed 
by  a  line  that  satisfies  the  expression 

*’-U  "  ljQ  +  'L  ('*1  "  to)  (13) 

with  the  parameters 

i,t|  =  f.j)  for  p  -  0  and  r.||  -  ,  for  \t  -  1 . 

The  mean  scattering  n+'  these  lines,  the  inclination 

?S  =  t]  -  t0  (I"’) 

of  which  characterise!.  I  he  turn  loss  cam. mi  liy  Lite  Just,  is  j_  2.6.’.  in  the?  I  UN 
tube  arc  later  to  lie  designated  as  No  1  (iable  11.  The  correspond! mi  value  is 
approximately  +3 . 5^1  i n  the  case  of  trie  channel  elbow  with  guding  vanes  (No  2?.), 
and  approximately  *■  3.0".  in  fin-  average  ot  ill  n.ea 'mrements .  This  uncertainty 
that  encompasses  all  measured  fluctuations  within  the  limits  of 

2.5*1 05  ::  Re  >  4.5-  !05 


and 

20  ^  Fr  % 

overshadow  the  coefficients  relating  to  the  loss  coeificient  cy  within 
these  ranges. 

Only  the  tube  arc  with  the  mean  half  diameter  R  =  5D  (No  3  in  Table 
1)  deviated  from  the  linear  relation  between  the  parameter  Cy  determined  in 
accordance  with  the  above  method  and  loading  p,  for  values  of  p  >  approxi¬ 
mately  0.6.  The  dust  strands  developed  in  the  gently  curved  turn  were  not 
fully  resolved  by  the  end  of  the  horizontal  measuring  section,  and  thus  the 
flow  did  not  develop  at  the  last  pressure  sampling  site  E  (Fig.  2).  As  a 
result,  the  pressure  pjr  was  the  initial  value  for  the  pressure  P2 ‘  according 
to  Equation  (3):  this  was  too  high,  so  that  too  low  cu  values  were  obtained. 
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Mi  flip 


r.omii'L t i in;  el tiii:oiil.'.  being  rou.,i i-ii  on:  •  ,i -t ;  i. - ,i :  .  As  shown  in  !  ir.  8,  thf 
elbow  pianos  intersect:  in  a  |»n]i’  with  the  angles  of  Ay  -  tHT/n.  The  firsl 
and  Iiie  last  of  Uioso  pianos  form  f.uo  oriole  or  A«f  wi t.h  ttift  perpendi cul 
planes  of  the  adjoining  tube. 


1  lie  1  our -till'  ie  tube  an  s  wi  ,m  square  or  res  i  ..iigu !  ..i'  tro1  .  serf  ion 
tu re  a  nuich  lower  degree  of  local  attrition  in  comparison  w; •  i;  circular  1 
turns,  and  also  the  abil  ity  of  being  made  of  thirk-w..lled  material  where' 
the  risk  of  attrition  is  hi . ill  (sucii  as  at  tlie  turn  Inuks). 


The  channel  elbow  with  square  connecti  in  cross  section,  rounded  i 
ners,  and  curved  ijuiihmj  vanes  (Nos  21  and  2'.')  corresponds  to  turns  in  1, 
air  and  qas  conduits  such  as  are  found  in  steam  generators  where  for  the 
of  simplicity  circular-cylindrically  bent  fib''  vanes  were  selected.  One  ci 
quration  shaped  in  consideration  for  simplified  construction  with  such  a 
is  the  channel  elbow  with  chamfered  corners  and  plane  gilding  sheets  (Nos 
and  24). 


The  turn  loss  in  pure  air  flow 
The  related  turn  loss 

T0  =  APU,cA 

in  a  non-loadcd  air  flow  (  p  =  0)  depends  solely  on  the  Reynolds  nun, her  > 
the  tube  flow  for  a  given  turn  configuration.  The  test  results  for  a  c i r« 
lar  tube  arc  were  described  comprehensively  by  il.  Richter  [8],  The  carre- 
ponding  parameters  g q  relate  tu  a  representation  of  Lne  pressure  course 
which  the  ordinate  x  =  0  is  determined  by  the  center  of  the  evolved  arc 
than  by  the  intersection  of  the  two  tube  axes  (Figs  2  to  4).  In  the  SO0 
the  value  Cq  differs  from  the  loss  coefficient  tg  in  Table  1  by  the  relu 
wall  friction  pressure  drop 
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in  a  tube  section  that  equals  the  difference  between  the  shanks  of  the  right 
angle  and  the  inscribed  quarter-circle  arc  with  half  diameter  R.  For  the  turns 
investigated  here,  this  correction  is  within  the  scattering  range  of  the  re¬ 
sults  reported  in  [8],  Their  remarkable  divergence  is  a  manifestation  of  even 
slight  experimental  errors  on  the  pressure  drop  Apy  q  obtained  by  extrapola¬ 
tion.  Accordingly,  the  relation  between  the  parameter  Cg  and  the  Reynolds  num¬ 
ber  was  overshadowed  by  measuring  inaccuracies  in  the  present  tests  also. 

Larger  turn  losses  are  caused  by  the  fact  that  the  flow  detaches  it- 
self  from  the  inner  sides  of  the  turn  wall.  Accordingly,  the  loss  coefficient 
Cg  of  the  tube  elbow  (Mo  4)  is  quite  hinh.  Much  smaller  turn  losses  are  evi¬ 
dent  in  the  segmental  turns  as  a  result  of  lesser  detachment  (Nos  5  to  8) ; 
these  values  differ  little  from  the  losses  in  continuously  curved  tube  arcs 
if  the  number  of  segments  is  n  >  3  (Nos  9  and  10). 

The  smallest,  loss  coefficient  was  measured  in  the  four-edge  tube 
arc  No  12.  Tn  this  arc,  the  flow  decelerates  according  to  the  cross  section 
increase  of  (  n/4)  in  the  tube  to  within  the  turn,  so  that  the  turn 
loss  becomes  smaller  in  comparison  to  the  circle  tube  arc  with  same  curva¬ 
ture  (No  2).  If  the  half  diameter  of  the  curvature  is  small,  R_,  (No  11), 
this  effect  of  velocity  decrease  is  not  evident  as  a  consequence  of  the  de¬ 
tachment.  of  the  flow  at  the  inner  side  nf  the  turn.  An  additional  conveyance 
of  the  flow  in  an  otherwise  equal  turn  by  means  of  an  intermediate  wall  (No 
13)  has  a  similarly  beneficial  effect  as  an  increase  in  the  half  diameter  R. 
This  deliberate  improvement  is  not  realized,  however  if  II  is  large  to  start 
with.  Thus,  toe  additional  friction  losses  overwhelm  the  detachment  losses 
that  decrease  at  the  intermediate  wall  (No  14). 

In  the  four-edge  tube  arc  with  square  cross  section  (No  15  and  16) 
the  very  same  loss  coefficients  Cg  are  obtained  as  in  the  circular  tube  arcs. 
The  same  applies  also  to  model  with  a  cross  section  that  increases  towards 
the  turn  diagonal  (Nos  17  and  18). 

In  the  four-edge  tube  elbow  (No  1 9) , detachment  of  the  flow  at  the 
inner  edge  causes  a  large  turn  loss,  same  as  it  does  in  the  circular  tube 
elbow  (No  4).  This  loss  decreases  markedly  if  the  circumflov/ed  edge  is  roun¬ 
ded  (No  20).  Curved  gudlng  vanes  cause  a  further  decrease  of  this  loss  (Nos 
21  and  22).  On  the  other  hand,  inclined  chamfering  of  the  guaing  sheets  and 
the  incorporation  of  guaing  sheets  at  an  angle  (Nos  23  and  24)  are  less  fa¬ 
vorable  in  this  respect. 
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Tiie  turn  loss  caused  bv  the  dust 


The  turn  loss  caused  by  the  dust  is  shown  in  the  last  column  of  Table 
1  as  the  parameter  55.  In  this  respect,  the  circular  tube  arc  No  2  with  the 
curvature  half  diameter  R  =  3.33D  in  the  optimum  range  is  especially  favor¬ 
able.  The  circular  tube  elbow  (No  4)  should  not  be  given  consideration  for 
pneumatic  conveyor  installations.  Insofar  as  the  evaluation  according  to  the 
parameter  eg  1S  concerned,  the  segmental  turns  are  in  the  medium  spot.  The 
four-edge  tube  arcs  with  mean  curvature  half  diameters  of  about  three  times 
the  channel  width  are  rated  much  higher.  Where  R  =  1.5D  (No  11),  the  parameter 
is  markedly  higher.  In  arcs  of  this  type,  the  turn  is  facilitated  by  an 
intermediate  wall  (No  13).  A  wall  of  this  nature  is  advantageous  even  if  the 
half  diameters  are  larger  (No  14,  in  contrast  to  No  12).  Broadening  of  the 
turn  cross  section  in  comparison  to  the  adjoining  tubes  causes  no  significant 
change  in  the  loss  coefficient  (Nos  17  and  18,  in  comparison  to  Nos  15 
and  16). 


The  four-edge  tube  elbow  is  unsuitable  for  the  conveyance  of  dust¬ 
laden  air.  The  non-stationary  movement  of  the  dust  deposited  in  the  outer 
corner  turbulences,  that  falls  back  into  the  main  flow  in  a  roughly  perio¬ 
dic  sequence;  this  was  described  in  an  earlier  report[9].  The  channel  elbow 
with  rounded  corners,  often  employed  in  large  installations,  should  be  exe¬ 
cuted  with  guding  vanes  in  sufficiently  dense  shingle-like  layering  (No  22). 
The  construction  with  two  insufficiently  overlapping  guiding  vanes  (No  21) 
is  no  more  favorable  in  terms  of  loss  coefficient  than  the  channel  elbow 
with  guding  sheets  and  chamfered  edges  (Nos  23  and  24). 

Construction  and  finishing  considerations 

In  practice,  it  is  desirable  to  have  both  low  turn  losses  in  the  air 
flow  and  constructions  that  are  not  subject  to  undue  attrition,  as  well  as 
are  easy  to  construct.  The  circular  tube  arc  has  the  disadvantage  --  as  a 
consequence  of  its  large  local  attrition  loss  at  the  outer  flank  [10]  and 
the  rather  expensive  nature  of  its  construction.  Segmental  turns  are  both 
relatively  easy  to  manufacture  and  resistant  to  attrition  losses.  In  the 
case  of  the  four  edge  tube  arc,  the  strong  local  attrition  loss  may  be  com¬ 
pensated  for  by  using  a  thicker  tube  wall.  If  an  intermediate  wall  is  fitted, 
then  the  attrition  loss  is  distributed  between  this  wall  and  the  back  of  the 
turn  (turn  Nos  13  and  14).  favorable  attrition  loss  distribution  is  achieved 
in  the  four-edge  tube  elbow  with  guiding  sheets  (Nos  21  to  24)  also. 

There  exists  no  clear-cut  trend  between  local  attrition  and  turn 
loss.  Thus,  for  example,  the  four-edge  tube  elbow  (No  19)  tunned  out  sur¬ 
prisingly  attrition-resistant  in  coal-dust  conduits,  whereas  the  tube  arc  -- 


favorable  from  the  flow-technological  angle  --  exhibits  an  acceptably  long 
service  life  only  if  its  wall  thickness  is  very  large. 

In  many  instances,  only  one  of  the  following  tin  ee  requirements,  viz., 
small  turn  loss, 

attrition-resistant  construction, 
ease  of  construction, 

will  govern  the  selection  of  a  turn  configuration.  In  '  case  cf  small  tube 
diameters,  the  circular  tube  arc  should  be  given  favor,  :  consideration  in 
most  instances.  If  the  conveyed  matter  is  relatively  soli,  (such  as  sawdust), 
and  the  tube  diameters  are  large,  then  the  circular  tube  segment  turn  is  most 
suitable.  On  the  other  hand,  if  the  conveyed  substance  is  abrasive,  the  four- 
edge  tube  arc  is  preferable  in  the  medium  tube  diameter  range,  and  the  tube 
elbow  with  guiding  vanes  is  preferable  in  the  large  tube  diameter  range. 

The  velocity  difference  between  dust  and  air 

The  pressure  drop 

APS  =  Apy  -  Apu,0  =  M-  Q 

applies  to  the  turning  of  the  flow  of  conveyed  substance.  Assuming  that  the 
wall  friction  of  the  dust  in  the  exhaust  flow  tube  is  sufficiently  conside¬ 
red  in  terms  of  extrapolation  pressure  drop  (  Ap/  Ax)2>  the  pressure  drop 
Ap$  will  be  consumed  essentiallv  •*  the  re-acceleration  of  the  dust  that 
had  been  braked  in  the  turns.  ...e  course  of  this,  the  dust  velocity  in¬ 

creases  from  the  mean  value  c_  _ the  exit  from  the  turn  by  the  amount  of 
Ac  =  w  -  c  to  the  mean  air  velocity  w.  The  impulse  increase  ms  Ac  of  the 
dust  flow  iti^  is  then  the  same  as  the  pressure  force  ApgF,  where  ^denotes 
the  constant  cross  section  of  the  exhaust  flow  tube.  Accordingly,  with 

mj  =  u*wF , 

the  following  expression  applies: 

Ap$F  =  p.  q^F  =  p.pwF  Ac  =  2  pqF  (  Ac/w)  or  es  =  2  Ac/w 

This  simple  relation  connects  the  loss  coefficient  55  with  the  in¬ 
crease  in  velocity  Ac  in  the  exhaust  flow  tube  or  with  the  velocity  decrease 
of  the  dust  in  the  turn  that  corresponds  practically  to  the  conveyed  substance. 
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The  smallest  value  measured  in  the  tests,  55  =  1.19  (turn  No  2)  thus  indica¬ 
tes  that  the  dust  velocity  decreased  by  approximately  60%,  i.e.,  to  40%  of 
the  mean  air  velocity.  At  the  highest  value  of  -  2.82  (No  19),  the  dust 
velocity  would  have  decreased  by  Ac  >w,  i.e.,  to  a  negative  value.  Indeed, 
there  are  instances  in  the  four-edge  and  circular  tube  elbows  where  the  dust 
progresses  locally  backwards. 

Generalization  of  the  test  results 

The  turn  losses  relate,  by  definition,  to  a  process  with  developed 
flow  at  the  turn  entry  with  developed  flow  at  the  exhaust  flow  also.  In  con¬ 
veying  systems  where  there  are  only  short  straight  tube  sections,  for  ex¬ 
ample  between  two  turns  in  which  the  flow  does  not  develop  fully,  there  is 
no  physically  unambiguous  definition  of  the  turn  losses.  In  cases  of  this 
type,  the  loss  coefficients  in  Table  1  have  only  a  relative  meaning. 

An  analysis  of  the  test  results,  taking  into  consideration  the  att¬ 
rition  traces  observed  in  the  turns  investigated,  leads  to  the  assumption 
that  no  basically  different  findings  are  likely  for  turns  with  other  confi¬ 
gurations  such  as  elliptical  arcs.  Thus,  for  example,  the  relatively  small 
difference  between  the  loss  coefficients  tc  of  so  widely  differing  turns  as 
Nos  2  and  22  indicates  that  any  minimum  value  for  this  coefficient  would  not 
be  significantly  lower  than  the  minimum  value  of  =  1.19  (tube  arc  No  2) 
encountered  in  these  studies.  An  increase  of  the  cross  section  of  the  inlet 
tube,  resulting  at  a  lower  dust  entry  velocity,  will  not  cause  a  decrease 
of  the  turn  loss  coefficient  either.  Delaying  of  the  dust  in  the  inlet 
flow  and  re-accelerating  it  in  the  turn  is,  according  to  a  calculation  based 
on  an  earlier  study  [7],  more  loss-producing  than  the  process  in  a  constant 
cross-section  tube  arc 

The  preliminary  tests  with  coal  dust  ::sv  practically  the  same  re¬ 
sults  as  the  tests  in  which  quartz  dust  was  the  conveyed  substance.  Accor¬ 
dingly,  it  is  likely  that  there  is  no  substance  specificity  in  the  behavior 
of  dusts  in  turns.  BWK  322 
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CAPTIONS  AND  LEGENDS 


Fig.  1.  Test  setup,  a)  Tube  inlet;  b)  dust  addition;  c,d)  measuring  section; 
e)  precipitation  cyclone;  f)  exhaust  air  tube;  g)  dust  collector; 
h)  tube  chute;  i)  funnel;  k)  dust  rotating-tube  feeder;  1)  turn 
(model  curvature) 

Fig.  2.  Measuring  section,  a)  Inlet  tube;  b)  exhaust  tube;  c)  model  turn: 

d)  pressure  measuring  sites;  A)  first  pressure  measuring  site  in  £; 

E)  last  pressure  measuring  site  in  b_;  0)  starting  point  of  longitu¬ 
dinal  coordinate  x.. 

Fig.  3.  Example  of  a  measured  pressure  distribution  before  and  after  a  cir¬ 
cular'  tube  arc  (Model  No  1  in  Table  1).  Curve  ^  for  unladen  air  flow; 
curve  b_  for  the  same  with  p,  =  0.80  kg  dust  per  kg  air  in  the  flow. 

Air  velocity  in  the  tube  w  =  33.7  m/sec;  air  density  1.125  kg/cu  m. 

PA  static  pressure  at  the  first  measuring  site  (A_  in  Fig  2);  £_  sta¬ 
tic  pressure  at  the  distance  x_  f rom  the  intersection  point  of  the 
tube  axes. 

Fig.  4.  Pressure  distribution  before  and  after  a  channel  elbow  with  guiding 

vanes  (Model  No  22  in  Table  1)  under  the  same  conditions  as  in  the 

example  shown  in  Fig.  3. 

Fig.  5.  Comparison  between  the  measured  tube  friction  coefficient  XL  and  the 
Prancitl  law  for  turbulent  tube  friction  in  developed  flow. 

Fig.  6=  Measured  related  turn  loss  in  turns  No  1  and  22  (cf.  Figs.  3  and  4, 

and  Table  1)  as  a  function  of  loading,  p  (cy  =  turn  loss) 

Fig.  7.  Channel  elements  for  the  transition  from  round  tube  to  turn,  a)  Trans¬ 
ition  from  circular  to  equally  wide  Square  cross  section  (turns  11  to 
14  and  17  to  24);  b)  transition  from  circular  to  equally  large  square 
cross  section  (turn  15);  c)  transit. on  from  circular  to  equally  large 
rectangular  cross  section. 

Fig.  8.  Circular  tube  segmental  turns. 
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Table  1.  Dimensions  and  loss  coefficients  of  the  turns  investigated. 

1)  No.;  2)  designation;  3)  configuration  and  cross  section;  4) 
dimensions;  5)  loss  coefficient;  6)  circular  tube  turns;  7) 
arc;  8)  elbow;  9)  segmental  turn;  10)  four-edge  turns;  11) 
arc;  12)  transition  as  illustrated  in  Fig.  7a;  13)  arc  with 
intermediate  wall;  14)  arc  with  square  cross  section;  15) 
arc  with  rectangular  cross  section;  16)  see  Fig.  7b  and  7c; 

17)  arc  with  variable  cross  section;  18)  elbow;  19)  elbow 
with  guiding  vanes;  20)  two  guiding  yanes;  21)  five  guiding 
vanes,  see  Fig.  4;  22)  elbow  with  gu&ing  conduits;  23)  two 
guiding  conduits;  24)  four  guding  conduits. 
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Table  i.  Dimensions  and  loss  coefficients  of  the  turns  investigated. 

1)  i\'o. ;  2)  designation;  3)  configuration  and  cross  section;  4) 
dimensions;  5)  loss  coefficient;  6)  circular  tube  turns ;  7) 
arc;  8)  elbow;  9)  segmental  turn;  10)  four-edge  turns;  11) 
arc;  12)  transition  as  illustrated  in  Fig.  7a;  13)  arc  with 
intermediate  wall;  14)  arc  with  square  cross  section;  15) 
arc  with  rectangular  cross  section:  16)  see  Fig.  7b  and  7c; 

17)  arc  with  variable  cross  section;  18)  elbow;  19)  elbow 
with  guiding  vanes;  20)  two  guiding  vanes:  21)  five  guiding 
vanes,  see  Fig.  4;  22)  elbow  with  gucling  conduits;  23)  two 
guiding  conduits;  24)  four  guding  conduits. 


